It has become evident over the past years that a large fraction of messenger RNAs is tightly associated with the cytoskeleton. Whereas microtubules are involved in RNA-cytoskeletal association in large cells like oocytes, neurons, or oligodendrocytes, microfilaments play the major role in smaller somatic cell types. Association of RNA with cytoskeletal filaments clearly is required for mRNA transport, but also appears to be crucial for efficient protein synthesis. Recent data now shed light on how mRNAs attach to the cytoskeleton. Messenger RNA seems to interact with microtubules or microfilaments in the form of large ribonucleoprotein particles, which in some cases also contain components of the protein synthesis apparatus. Recently, a number of RNA binding proteins have been identified in flies, amphibians, and mammals that are essential for the interaction of mRNA with cytoskeletal filaments or with microtubule-or actin-associated proteins. Such proteins include heterologous ribonucleoproteins, which are also involved in nuclear export of RNA.-Jansen, R.-P. RNA-cytoskeletal associations. FASEB J. 13, 455-466 (1999) 
BACKGROUND
The high degree of organization in a eukaryotic cell depends on the association of cellular organelles and complexes with a stable interphase. This interphase is provided by the cytoskeleton, which is composed of three major filament systems: microtubules, intermediate filaments, and micro-(or actin-) filaments (1) . These filaments, together with a vast number of associated proteins, are involved in cell movement, cell shape formation, positioning of organelles, transport of vesicles and organelles, and chromosome segregation. They are also important for a (so far) less well understood degree of cellular organization, the positioning of messenger RNAs in the cytoplasm.
A substantial fraction of messenger RNAs, once they are exported from the nucleus, becomes nonrandomly positioned in the cytoplasm. These mRNAs include specific messages that are transported to certain sites in the cytoplasm like the anterior/posterior ends in oocytes or dendrites/ axons in neurons (2) (3) (4) . However, it has become evident that many more RNAs are not randomly distributed in the cytoplasm, but are tightly associated with the cytoskeleton (4, 5) . The fraction of associated poly(A) RNA or ribosome/RNA complexes (polysomes) differs from 15-75%, depending on the experimental approach and the cell type analyzed (4, 6, 7) .
Since RNA transport and localization have been reviewed extensively (2) (3) (4) and are the topic of several other reviews in this FASEB J. series on RNA localization, this article will only briefly discuss the mechanisms where it is required. Instead, I will concentrate on the steady-state interaction of mRNA and cytoskeletal filaments, on mechanisms of how RNAs might associate with the cytoskeleton, and on the putative function of this interaction.
Initial studies have concentrated on the association of the cytoskeleton with polyribosomes and/or total poly(A) RNA. Two lines of evidence-biochemical fractionation experiments and in situ analysissuggest that many mRNAs are associated with the cytoskeleton.
Early biochemical cell fractionation experiments used low concentrations of non-ionic detergents to release soluble and membrane-bound macromolecules (8 -11) . The unsoluble fraction, termed the cytoskeletal (CSK) 2 fraction, was heavily enriched in all three forms of cytoskeletal filaments: microtubules, intermediate filaments, and microfilaments (actin filaments). In addition to cytoskeletal filaments, the CSK fraction from a variety of cell lines contained polysomes (10, 12 ; see also ref 4 and references therein), translation initiation, and elongation factors (13, 14) and up to 75% of the cellular mRNA as judged by hybridization with probes against total poly(A) RNA (7) . Hybridization with probes against several specific mRNAs (15, 16) have supported this idea. In fibroblasts, both polysomes and mRNAs remained associated with the cytoskeletal fraction even under conditions of high ionic strength, strongly implying physiological binding rather than a weak adsorbance of RNA to the cytoskeleton (15) .
There is some doubt, however, about the interpretation of these early findings. As Hesketh and others (17) have pointed out, the cytoskeletal fraction contains membranous fragments of the endoplasmic reticulum that might have collapsed and been trapped by the attached cytoskeletal fibers. Therefore, not only cytoskeletal-attached but also membrane-bound polysomes might be expected in the CSK fraction because they become trapped during the isolation procedure, leading to an overestimation of the fraction of cytoskeletal-bound RNAs. Indeed, polysomes containing specific mRNAs that code for membrane proteins have been detected in the CSK fraction (18) . Such mRNAs would be expected to cofractionate with the endoplasmic reticulum.
Studies using a different extraction procedure have nevertheless confirmed that a large fraction of mRNAs and polysomes (about 15-30%) are cytoskeletal associated (5, 6 and references therein). To avoid the contamination of CSK associated with membrane-associated polysomes, CSK-bound polysomes were specifically released by disruption of the cytoskeleton, using either drug treatment or salt extraction (7, 17, 19) . Treatment of cells with the microfilament-disrupting drug cytochalasin or saltinduced actin depolymerization preceding polysome extraction resulted in a loss of polysomes and mRNA from the cytoskeletal fraction and an increase of free polysomes. These results emphasize the concept of cytoskeletal-associated mRNAs.
The second experimental line of evidence for mRNA-cytoskeletal association comes from microscopical approaches. Both polysomes and poly(A) RNA are found in the close vicinity of filamentous structures. Immunohistochemical and histochemical studies have demonstrated that ribosomes (20) as well as initiation and elongation factors (21, 22) show an intracellular distribution pattern resembling that of the cytoskeletal network. In situ hybridization against poly(A) RNA showed that most of the mRNA remained associated with cellular filaments even after cytoplasmic extraction and solubilization of membranes with non-ionic detergent (7, 23) . This indicates a tight association of poly(A) RNA and cytoskeletal structures. The application of digital image analysis techniques (7, 24) and ultrastructural studies support this idea and have extended the colocalization of filaments and RNA down to the nanometer range (25) . In fibroblasts, most of the detected poly(A) RNA was localized within a 5 nm distance from intermediate and microfilaments. In neurons, poly(A) RNA was detected close to microtubules (23) . These studies also provided evidence that RNA is not evenly spread along actin or microtubule core filaments, but is found in clusters at filament intersections ('vertices') (25) or between loosely bundled microtubules (23) . Other proteins that interact with mRNA, like elongation factors and polysomes, can also be found at these sites (23, 25) . The majority of cytoskeleton-associated poly(A) RNA colocalized with ribosomes. However, although suggested by early studies (13), ribosomes are not essential for RNA-cytoskeletal association. Disruption of polyribosomes by puromycin treatment did not significantly reduce the amount of cytoskeletalbound poly(A) RNA (7, 23) .
To summarize these results, as judged by both in situ and biochemical approaches, a large fraction of mRNAs is tightly associated with cytoskeletal structures.
CYTOSKELETAL FILAMENTS AND mRNA ASSOCIATION
What cytoskeletal filament systems are involved in RNA association? Of the three major filamentous systems, the role of microfilaments (or actin filaments) and microtubules is well established whereas the role of intermediate filaments is contradictory.
Regions rich in intermediate filaments have been found to be devoid of polyribosomes (12) , and polysome-rich areas did not contain intermediate filaments (10) . However, the 50 kDa cap binding protein that is part of the translational initiation complex colocalizes with intermediate filaments (26) . The mRNA encoding glial fibrillary acidic protein colocalizes with intermediate filaments in astrocytes (27) . Furthermore, in situ analysis of poly(A) distribution in fibroblasts suggests that up to 30% of cellular mRNA is found in close proximity to intermediate filaments (25) . The apparently contradictory results perhaps reflect two different states of poly(A) RNA. Translationally active poly(A) RNA colocalizing with polysomes might be absent from intermediate filaments. On the other hand, either translationally inactive poly(A) mRNA or translation factors not actively involved in protein synthesis could be associated with intermediate filaments.
Some evidence for such an interpretation comes from the distribution of elongation factor EF-2 in growth-arrested vs. dividing fibroblasts (22) . In dividing fibroblasts with a highly active protein synthesis, EF-2 associates with microfilaments whereas quiescent cells display a codistribution of EF-2 with intermediate filaments. An alternative explanation for the large number of poly(A) RNA found to be associated with intermediate filaments could be that this poly(A) RNA reflects the distribution of a subset of intermediate filament-specific mRNAs rather than that of total poly(A) RNA.
Microfilaments play the major role in RNA-cytoskeletal association and mRNA localization in most cell types, including somatic cells like fibroblasts, myoblasts, and neuroblasts (7, 15, 25, 28, 29) , amebas (30), algae (31) , and yeast (32, 33) . Most of these data rely on the effect of actin-depolymerizing drugs such as cytochalasin or latrunculin on RNA-cytoskeletal binding or RNA localization. A drawback to using cytoskeleton-perturbing drugs is their putative pleiotropic effect. Therefore, such experiments must be well controlled and their results interpreted with care. A number of experiments have shown that either some cells of a given population or certain cells of an organism are more resistant to drug treatment than others (23, 29) . Furthermore, subsets of cytoskeletal filaments might be less susceptible to some drugs than others, obscuring experimental interpretation (34) . However, because most of the model systems used to study mRNA-cytoskeletal association are not amenable to genetic approaches, filament-disrupting drugs are frequently the only experimental tool available. Only a few reports have addressed the question of RNA-actin interaction using mutants that disrupt or disturb the actin network. In Drosophila, localization of oskar mRNA to the posterior pole of the oocyte requires the function of two actin binding proteins: profilin and tropomyosin (35) (36) (37) . Tropomyosin, profilin, actin, and a set of specific genes (SHE1-SHE5) that include at least two other actin-interacting proteins are essential to localize ASH1 mRNA in budding yeast (32) .
As already discussed, ultrastructural in situ hybridization showed a very tight association of actin filaments and poly(A) RNA in fibroblasts (25) , where more than 70% of detected poly(A) RNA are closely associated with actin filaments. The prominent actin stress fibers do not contain much poly(A) RNA. The majority are associated with a branched filament network, especially at the intersections (Fig. 1) .
Microtubules do not play any significant role in RNA binding or localization in the above-mentioned cell types. However, they are important in neurons, oligodendrocytes, and oocytes. Here, localization of mRNAs involving transient interaction of RNA with the cytoskeleton during transport as well as steady-state attachment of RNAs both depend on a proper microtubule network. Paradigms for mRNAs that are localized in such large cells are Drosophila oskar (38, 39) , Xenopus Vg1 (40), or myelin basic protein-1 (MBP1) RNA found in oligodendrocytes (24) . Steady-state studies of RNA-cytoskeleton association in neurons demonstrated that poly(A) RNA became detached from the cytoskeleton upon colchicine but not upon cytochalasin treatment, indicating that microtubules are essential for this association (23) . On the ultrastructural level, poly(A) RNA can be found in close proximity to microtubules. Similar to the case of RNA-microfilament association in fibroblasts (25) , intersecting or loosely bundled microtubules, not tightly bundled filaments, colocalize with RNA in neurons (Fig. 1) .
Why are microtubules essential for RNA-cytoskeletal association in some cells while microfilaments are required in others? Microtubules appear to play the major role in large cell types like oocytes and neurons. In addition, a significant number of RNAs are localized in these cells. Microtubules might serve as the major railway system to allow fast transport over large distances to the destination sites. Smaller cells like yeast or Messenger RNA can be transported in the form of RNP particles ('granules') via microtubules or microfilaments (see text for details). Transported RNA is subsequently anchored via cytoskeletal-associated proteins to either intersecting microfilaments ('vertices') or loosely bundled microtubules. Both transport and anchoring seem to rely mRNA signals in the 3Ј untranslated region (3Ј UTR).
somatic cells might not require a very fast transport system for RNA localization. Therefore, they could rely on the extensive actin network for transport and/or anchoring of RNAs. Some cells show both microtubule-RNA and microfilament-RNA interactions. Eggs of the sea urchin Paracentrotus contain at least three maternal messages-bep1, bep3, and bep4 -which are asymmetrically distributed and bound to the cytoskeleton. Association of bep3 RNA with the cytoskeleton is sensitive both to actin-and microtubule-disrupting drugs, implying a requirement of both filament types for RNA binding to filaments (41, 42) . In the frog Xenopus, translocation of Vg1 RNA to the vegetal pole of oocytes depends on microtubules, whereas subsequent anchoring requires a functional cortical actin network (40) . Another vegetally localized mRNA, Xcat-2 RNA, becomes tightly associated with the actin-rich cortex once it has reached it in an actin-independent manner (43) . Transport of oskar mRNA to the posterior end in Drosophila oocytes requires microtubules but also cytoplasmic tropomyosin II, an actin binding protein (36, 37) . In this case, tropomyosin might function during retention of the localized RNA at the actin-rich posterior cortex (44) . These examples suggest a job sharing of actin and microtubule filaments in some cells. Whereas microtubules might be the transport railway, actin could be required for docking and further positioning of RNAs. Such a collaboration of both filament systems has recently been described for vesicular transport in melanocytes (45, 46) .
What part of the mRNA is involved in cytoskeletal attachment and mRNA localization? Although earlier studies suggested that the poly(A) tail was important (7), several lines of evidence converge on the importance of sequences in the 3Ј untranslated region (3Ј UTR) of mRNAs. Poly(A) sequences seem to be less important for cytoskeletal association since polysomes containing histone or reoviral mRNAs that lack poly(A) sequences can also bind to cytoskeletal filaments (18, 47) . Messenger RNAs lacking a 5Ј cap bind to the cytoskeleton, too, demonstrating the dispensability of the cap structure for mRNA-cytoskeletal association (47) . On the other hand, all cytoplasmically localized mRNAs characterized so far contain cytoskeletal-dependent localization signals in their 3Ј UTR (2-4, 48, 49 and references therein). Some of these signals have been mapped in closer detail. They vary in sequence and length, and can be as short as 21 nucleotides (24) and over 600 nucleotides long (50, 51) . However, so far no common structural motif involved in mRNA localization has been identified, although it has been suggested that RNA stem loop structures are an essential part of the signal (24, 51, 52).
TRANSIENT RNA-CYTOSKELETAL INTERACTION: mRNA TRANSPORT
Most experimental evidence to date suggests RNA localization to be an active, directional process (53 and references therein). Passive diffusion of large RNA-protein complexes would be hindered by the viscosity and exclusion limit of the cytoplasm, which allows only RNAs smaller than 1.6 kb to freely diffuse (54) .
Since RNA localization and transport will be the topic of other reviews in this series on RNA localization, I will only briefly discuss some aspects of the molecular machinery involved in RNA transport.
Active transport requires cytoskeletal-dependent motor proteins. These motors contact the filaments and generate the force required for movement. Depending on the cell type and the localized RNA studied, all three motor protein families-actin-interacting myosins as well as microtubule-interacting dyneins and kinesins-have been implicated in RNA translocation. So far, no specific microtubule-dependent motor has been reported that is part of an RNA transport complex. However, a large body of indirect evidence indicates that kinesins are involved. Kinesins are microtubule plus end-directed motors consisting of two heavy chains and several light chains (55 and references therein). In Drosophila oocytes, a fusion protein of kinesin and ␤-galactosidase localizes to the plus ends of microtubules pointing to the posterior of the oocyte (56) . This correlates both in time and space with the posterior localization of maternal mRNAs like oskar (38, 39) . Supporting this observation, reorganization of the oocyte's microtubule network in Drosophila protein kinase A mutants leads to mislocalization of both posterior RNAs and kinesin-␤-Gal to the middle of the oocyte (57) .
Antisense oligonucleotides against kinesin mRNA have been used to study the effect of kinesin depletion on MBP RNA transport in oligodendrocytes (58) . Similar to the effect of microtubule disruption, depletion of the kinesin heavy chain resulted in a block of MBP RNA transport. In addition, single RNA granules (see below) could be observed during movement in oligodendrocytes and neurons. In both cell types, granules move with a speed of 0.1-0.2 m/s, consistent with kinesin-driven transport (24, 59, 60) .
Actin-dependent transport of RNA requires myosins as motors. So far the only myosin involved in RNA transport is the yeast Myo4p. Myo4p is an unconventional class V myosin required for the localization of ASH1 mRNA (32, 33) . Myo4p seems to be the best candidate for a motor directly involved in RNA transport. Disruption of the MYO4 gene has no other described effect than a defect in ASH1 mRNA localization (32, 61) . At the time of ASH1 localization, Myo4p colocalizes with ASH1 RNA (R. Jansen, unpublished results). ASH1 RNA-containing granules move with a speed that corresponds to the observed velocity of type V myosins (62; R. Long, personal communication). Taken together, Myo4p could in fact direct ASH1 RNA translocation in yeast.
Kinesins and myosins are modular proteins that use their motor domains to contact the corresponding cytoskeletal filament. But how do they interact with the transported RNA? With the exception of the kinesin KIF4 (55, 63) , no motor protein contains any sequences similar to DNA/RNA binding proteins. In fact, KIF4 most likely binds to chromosomes and not to RNA. A direct interaction of motor protein and RNA is less likely given the large number of localized RNAs. The general idea is that additional proteins are required that recognize the RNA target and bridge the gap between RNA and motor protein. A paradigm for such modular motor-target complexes is the case of retrograde vesicle transport by dyneins. Dynein, a minus end-directed motor, and at least six other proteins associate to form the complex that recognizes the target proteins on the vesicle to be transported (55) .
To summarize, only one cytoskeletal-associated motor protein has been identified to date that is directly involved in RNA transport. Especially the microtubule-dependent motor proteins involved in RNA translocation remain unknown. How such motors interact with the transported RNAs is also far from being understood.
RIBONUCLEOPROTEIN GRANULES
There is sufficient evidence that messenger RNAs can be found as integrated components of higher order structures throughout their lifetime. Such ribonucleoprotein (RNP) particles or granules have been detected both in RNA transport and while they are associated with cytoskeletal filaments.
Yeast ASH1 RNA can be seen as particles or RNA clusters at the final destination site, the daughter cell tip (32, 33) , and as 'pearls on a string' throughout the cell that presumably represent transport intermediates (32) . The localization pattern of these putative transport particles resembles the pattern of actin cables, suggesting that these particles are associated with actin filaments during transport. This idea is consistent with the notion that ASH1 mRNA localization depends on a proper actin cytoskeleton and on the function of the unconventional myosin Myo4p.
In Xenopus oocytes, the vegetally localized messages Vg1 and Xcat-2 are also a part of granules (64, 65) . However, whether these granules actually represent transport intermediates or storage particles is not known. Likewise, an association of these granules with cytoskeletal structures has not been demonstrated.
Transport and association of RNAs during Drosophila embryogenesis also involves RNP granules. Injection of bicoid RNA into early embryos results in sequestering of endogenous Staufen protein and the formation of large RNP granules (66) . These particles can associate with mitotic spindles formed by endogenous microtubules. There is further evidence that bicoid RNA transport takes place in the form of particles. Exuperantia protein is essential for bicoid movement from the nurse cells into the oocyte early in oogenesis. Fusions of Exuperantia with green fluorescent protein are detected as particles that enrich at the connections of nurse cells and the oocyte (67) . Although it has not been shown that bicoid RNA is actually part of the particles, they imitate the movement of bicoid RNA.
The best evidence for a RNA-cytoskeletal interaction in the form of RNP particles comes from studies of RNA localization in neurons and oligodendrocytes. In the latter case, both endogenous and injected MBP RNA become integrated into granules (24) . Injected MBP RNA can form such granules in the cytoplasm within minutes. The size of the granules is extremely large, with a mean particle radius of 0.7 m (68). Surprisingly, granules form independently of the injected RNA, indicating that, at least in oligodendrocytes, granule formation is a general feature of mRNAs (24) . However, only MBP RNA granules can align on tracks that presumably resemble cytoskeletal filaments. This is suggestive of a cytoskeletal association signal present in MBP RNA but absent from other messages. After the initial assembly and filamentous alignment, RNA granules are rapidly transported along microtubules from the cell body into oligodendrocytic processes. Both 3-dimensional immunofluorescence microscopy and drug interference studies have proved that microtubules are indeed the transport tracks (24) . As in oligodendrocytes, large RNA granules have also been detected in neurons (60) . Such granules contain poly(A) RNA, ribosomal subunits, and elongation factors. Recently, a specific mRNA, ␤-actin RNA, has been shown to colocalize with a subset of granules in a microtubule-dependent manner (69) .
As a short summary, RNA containing particles or granules can be detected in a variety of different cells. It is tempting to speculate that the formation of these granules is important for the interaction of mRNA with the cytoskeleton.
What proteins are such RNA granules composed of? Granules in oligodendrocytes and neurons contain ribosomes and components of the translation apparatus (60, 68) . In fact, these granules are large enough to accommodate several hundred ribosomes. However, ribosomes are not an essential structural component of the particles, since RNAcontaining (but ribosome-free) particles have been detected that show a similar structural organization (68) . This suggests that other proteins are important for the formation of RNA granules. Recently, a group of six 35 to 42 kDa proteins has been identified that bind specifically to the MBP RNA targeting signal (70) . One of these proteins is a heterologous nuclear protein, hnRNP A2. hnRNP proteins are involved in several steps of RNA maturation and localization (71) . However, so far it is not clear whether hnRNP A2 is in fact involved in the formation of MBP RNA granules, in attachment to the cytoskeleton, or in their targeting.
In human neuronal cells, ELAV proteins have been reported to associate with mRNA in the form of granules (72) . ELAV proteins contain three highly conserved RNA recognition motifs (RRM). Human ELAV-like neuronal protein Hel-N1 can be detected in cells as small granules that colocalize with microtubules (72) . These granules appear to be RNP complexes since they also contain poly(A) RNA. However, not all poly(A) RNA that can be detected as granular material colocalizes with ELAV protein granules, which suggests the presence of other ribonucleoparticles. ELAV-RNPs exist in two forms: ␣ complexes containing poly(A) RNA as well as at least 20 different polypeptides, and ␤ complexes made up from ␣ complexes and polysomes. Disruption of polysomes causes loss of ␤ complexes and a clustering of ␣ complexes. These clustered ␣ complexes still associate with microtubules, suggesting that binding of ELAV-RNPs to microtubules is independent of ribosomes.
THE CONNECTORS: RNA BINDING PROTEINS ASSOCIATED WITH THE CYTOSKELETON
The RNA 3Ј UTR sequences that play a crucial role in RNA localization or RNA binding to cytoskeletal structures do not bind directly to the core filaments. Ultrastructural in situ hybridization experiments show poly(A) mRNA in close vicinity to, but not exactly colocalizing with, core actin filaments (25) , suggesting that actin-associated components are involved in linking mRNAs and filaments. Similar observations have been made for microtubule-attached poly(A) RNA (23) . In addition, direct binding of RNA to filaments would have only limited capacity to specify the localization of different messages to different cell compartments.
The identification of proteins that bind to targeting sequences of specific RNAs (52, 66, 70, (73) (74) (75) (76) (77) has shed some light on mRNA-cytoskeletal association. Some of these RNA binding proteins also bind to cytoskeletal filaments, which is consistent with the notion that mRNA targeting is cytoskeleton dependent. Such proteins may provide the connection between mRNAs and filaments.
Several proteins have been isolated and initially characterized on the basis of their ability to be cross-linkable to specific RNAs. However, the molecular nature of these proteins is not known.
TB-RBP ('testis/brain RNA binding protein') is a phosphoprotein that binds to specific mRNAs containing the so-called Y and H elements (76) . The protein attaches translationally repressed RNAs to microtubules; Colcemid, a microtubule-depolymerizing drug, disrupts this association. In the presence of TB-RBP, Y element-containing transcripts including the 3Ј UTR of oligodendrocyte MBP RNA can bind to microtubules in vitro (76) . However, although association of TB-RBP with mRNA has been demonstrated convincingly, direct binding to microtubules has not been demonstrated. Spnr ('spermatid perinuclear RNA binding protein') is a microtubuleassociated RNA binding protein that localizes to the manchette in developing spermatids (77, 78) . The RNA target of spnr in vivo is unknown but has previously been suggested to be protamine 1 mRNA (78) . Endogenous spnr as well as a recombinant version can be pelleted with murine testis microtubules. These results suggest that spnr, in addition to its function as an RNA binding protein, might be a microtubule-associated protein (77) .
The localization of bicoid and oskar mRNAs in the Drosophila oocyte depends on the activity of the Staufen protein (2, 49, 73 and references therein). Staufen is an RNA binding protein that contains five double-stranded RNA (dsRNA) binding domains, at least one of them binding to dsRNA in vitro (79) . Whereas oskar mRNA is localized in a staufen-dependent manner to the posterior of the oocyte, bicoid is localized to the anterior and anchored to the anterior cytoskeleton. This anchoring requires Staufen (66) . Localization of oskar and localization/anchoring of bicoid RNAs require a proper microtubule network (2, 80 -82) . Injection experiments in early embryos have shown that exogenous bicoid RNAs can recruit endogenous Staufen protein and the resulting complex associates with microtubules. However, it is not anteriorly localized (66). Ferrandon et al. (66) have proposed that the bicoid/Staufen complex but not Staufen itself is recruited to microtubules because the bicoid RNA might induce a conformational change in Staufen that is essential for its association with microtubules. Whether the bicoid/ Staufen complex binds directly or indirectly to microtubules is unclear.
In addition to its role in microtubule-dependent RNA localization in oocytes, Staufen is also involved in RNA localization in somatic cells. In neuroblasts, Prospero protein and prospero RNA are both asymmetrically distributed during mitosis due to their localization only to the basal side of the dividing neuroblast (83) (84) (85) (86) . Asymmetric distribution of prospero RNA requires a functional microfilament system but is independent of microtubules (29) . RNA localization also requires Staufen protein (85, 86) . Staufen interacts directly with the 3Ј UTR of prospero mRNA and with a protein called Miranda (87, 88) . The three partners might form a complex that localizes to the basal half of the cell cortex. Formation of this complex probably requires the function of another asymmetrically localized protein, Inscuteable (85, 89) . Asymmetric localization of Inscuteable as well as anchoring of Miranda and Staufen to the cell cortex requires actin filaments but not microtubules (29) . Taken together, these data suggest that Staufen is involved in different RNA localization pathways using different cytoskeletal filament systems.
Vg1 mRNA is transported to the vegetal pole of Xenopus oocytes in a microtubule-dependent manner (40) . It cofractionates with endogenous oocyte microtubules, suggesting a tight association with microtubules (90) . A 69 kDa protein, Vg1 RBP ('Vg1 RNA binding protein'), binds to the essential targeting sequences in the 3Ј UTR of Vg1 mRNA and to microtubules (90) . Protein depletion experiments showed that Vg1 RNA attachment to microtubules is Vg1 RBP dependent, implying that Vg1 RBP is the link between cytoskeletal filaments and Vg1 mRNA. Vg1 RBP (or Vera ϭ 'Vg1 binding and ER association') contains five RNA binding domains. One amino-terminal RRM domain ('RNA recognition motif', 91) and four KH domains ('hnRNP K homology', 91) comprise almost 40% of the entire protein sequence (74, 75) . However, no sequences with any similarity to microtubule binding proteins have been identified. In addition, Vg1 RBP/Vera has been shown independently to cofractionate and colocalize with membranes of the ER (92) . It has been suggested that Vg1 RBP/Vera might attach Vg1 mRNA to a specific subcompartment of the oocyte's ER and that this ER subcompartment binds to microtubules (75) . Whether Vg1 RBP/Vera binds directly to microtubules in vivo remains to be proved.
Whereas Vg1 mRNA is transported in a microtubule-dependent manner, chicken fibroblast ␤-actin mRNA localization is dependent on microfilaments. A 54 nucleotide 'zip code' sequence in the 3Ј UTR of ␤-actin mRNA is essential for this localization (93) . Using the proximal half of this sequence as an affinity matrix, a 68 kDa protein called ZBP-1 ('zip code binding protein 1') and at least two other proteins 53 kDa and 120 kDa in size were purified due to their ability to bind the zip code sequence (52) . Although it is not clear whether any of these three proteins can connect the RNA to actin filaments, other proteins that were also purified using this affinity approach were gelsolin and fibroblast tropomyosin, two bona fide actin binding proteins, which implies that the zip code binding complex is in close contact with actin binding proteins. However, the role of ZBP-1 is far from being understood. Additional work will have to show whether the proposed ZBP complex exists in vivo, colocalizes with the ␤-actin mRNA and microfilaments, and can directly or indirectly bind to actin.
ZBP-1 and Vg1 RBP/Vera show striking sequence similarity. Like Vg1 RBP/Vera, ZBP-1 contains one RRM and four KH domains. Both proteins are 78% identical and 84% similar over the entire length and more than 95% identical in their RNA binding domains (74) . Yet they bind different RNA sequences and help these various RNAs to associate with different parts of the cytoskeleton. In that neither ZBP-1 nor Vg1 RBP/Vera contains any actin or microtubule binding domain, it is tempting to speculate that these proteins function as connectors that attach the RNA to other proteins that can directly interact with filaments.
How can such similar proteins recognize different targets, namely, actin-or microtubule-associated proteins? Even more to the point: How can a single protein, Staufen, localize one mRNA via microtubules and another via a pathway that involves microfilaments? There are three explanations (see also Fig. 2) . First, different domains of the protein(s) can recognize actin-or microtubule-associated complexes. For example, Staufen protein contains two RNA binding domains that do not recognize RNA in vitro and have been suggested to fulfill a different function (87) . In fact, deletion of one of these regions, dRBD2, has no effect on prospero RNA localization in neuroblasts and association of Staufen with Miranda. However, it is absolutely essential for localization of oskar mRNA in the oocyte (87, 94) . The other region, dRBD5, binds directly to Miranda and is essential for prospero mRNA localization. Second, the RNA binding protein will attach its target RNA to any cytoskeletal adaptor present or to the major cytoskeletal system of the cell. Given that, it would depend on the presence/absence of filaments or of cytoskeletal adaptor proteins as to which filament an RNA-RNP protein complex attaches. Support for this idea comes from the fact that ␤-actin mRNA associates with actin filaments in fibroblasts but its localization depends on the microtubule network in neurons (69), which represents the major RNA transport system in these cells. Yet another alternative explanation would be that not only the RNA binding protein but the complex of RNA and RNA binding protein(s) determines targeting to the correct filament system. Again, in the case of Staufen, injection of exogenous bicoid RNA into early Drosophila embryos recruits endogenous Staufen protein and leads to assembly of RNP granules that colocalize with microtubules (66) . Injection of prospero RNA recruits Staufen into RNP granules (87) as well. However, these granules do not associate with microtubules, suggesting that either some information on bicoid RNA or another bicoid-specific factor is missing in the case of Staufen-prospero RNPs that is required for RNP-microtubule association.
Apart from specific RNA binding proteins that mediate the association of specific mRNAs with filaments, the high proportion of poly(A) RNA found associated with the cytoskeleton implicates the presence of other proteins that mediate the general association of mRNA with the cytoskeleton. What are these factors?
Recently, an RNA binding complex has been identified from neuronal cells that binds to RNA in a sequence-independent but size-dependent manner (95) . Besides a 160 kDa protein subunit that binds to RNA, this complex contains at least one cytoskeletal protein, MAP 1A. MAP 1A ('microtubule-associated protein 1A') is one of the major microtubule-associated proteins and is widely distributed among different cell types (96) . It is localized between microtubules rather than along bundled filaments. Poly(A) RNA, which is associated with microtubules in dendrites, shows a similar distribution pattern (23) . The RNA is frequently found between loosely bundled microtubules but is absent from tight bundles. A MAP 1A-containing RNP complex might meditate attachment of mRNAs to so far unknown cytoskeletal structures between microtubules rather than directly to microtubules. MAP 1A light chain 3 can bind to AU-rich elements in the 3Ј UTR of fibronectin mRNA and enhances its translation in smooth muscle cells (97) . This implicates a general role for this microtubule-associated protein in mRNA physiology.
Another protein that probably binds both cytoskeletal filaments and poly(A) RNA is mrnp41 from HeLa cells (98) . This protein can be cross-linked to RNA in vivo and subsequently copurifies with poly(A) RNA even under denaturing conditions, indicating a direct interaction of poly(A) RNA and mrnp41. Immunostaining revealed that mrnp41 is present in the nucleus, at the nuclear pores, and in a filamentous meshwork-like pattern in the cytoplasm. Indirect evidence points to a colocalization of this meshwork and poly(A) RNA. Disruption of either microtubules or microfilaments resulted in a loss of the filamentous staining, suggesting that cytoskeletal structures are involved in the formation of this meshwork.
It is surprising that mrnp41 is found in both the nucleus and cytoplasm, a distribution that has also been described for two proteins of the hnRNP family. The hnRNP A1-like hrp36 protein can be found associated with poly(A) RNA inside the nucleus and with ribosomes in the cytoplasm (99) . hnRNP A2 (70), as discussed above, binds to the targeting sequence in the 3Ј UTR of myelin basic protein mRNA and is probably part of the large MBP RNA transport granules that have been observed (24) . This hnRNP protein can be detected in the nucleus as well. It appears that mrnp41, hrp36, and hnRNP A2 are involved in nuclear export and probably cytoplasmic targeting or attachment to the cytoskeleton.
RNA-CYTOSKELETAL ASSOCIATION AND TRANSLATION
What might be the reason for the tight association of so many translational components with the cytoskeleton? Obviously, a functional cytoskeleton is not obligatory for translation. However, the efficiency of protein synthesis benefits from a close spatial association of all factors involved in translation. Indeed, actively translated mRNA is often found in cytoskeletal-associated polysomes. During viral infection, host cell protein synthesis is shut down and the majority of newly synthesized proteins are of viral origin. Concomitantly, polysomes containing host cell mRNAs are released from the cytoskeleton and viral RNA-containing polysomes become cytoskeletal associated (11, 12, 47) . In sea urchin eggs, polysomes become attached to the cytoskeleton upon egg activation when translation of stored messages is induced (100).
In addition, there is evidence for a supramolecular organization of the translation machinery. Metabolic labeling experiments have shown that aminoacyltRNAs are channeled from the aminoacyl-tRNA synthetase via elongation factors directly to the ribosome without dissociation into the fluid cytoplasm (101, 102) . The supramolecular organization of the protein synthesis machinery and efficient translation is concomitantly lost upon F-actin disruption (103) , strongly suggesting actin to be essential for this organization of translational complexes. Additional data indicate that many macromolecular components of the protein synthesis apparatus are not freely diffusible in the cell (104) . Poly(A) RNA, polysomes as well as elongation factor alpha (EF1␣) have been localized on an ultrastructural level to intersections of actin filaments. EF1␣ might have a unique role for translation. It can cross-link fibroblast actin filaments in a specific way, excluding other actin binding proteins. EF1␣ might thereby generate a special microcompartment important for mRNA anchoring and/or cytoskeletal association of protein synthesis. EF1␣ from Xenopus oocytes can sever microtubules by a so far unknown mechanism (105) and may play a similar role. Although suggested originally, the idea that the elongation factor might be required for the actual binding of the translational machinery to the cytoskeleton was challenged by the result that EF1␣'s ability to bind actin and aminoacyl-tRNA is mutually exclusive (106) . Actin-bound EF1␣ is released by an increase in pH, which could reflect a change in the environment of the translational microcompartment. Such a release would make EF1␣ more accessible for aminoacyltRNA binding. The release of sequestered EF1␣ should supply a high local concentration of translationally active elongation factor, thereby facilitating efficient protein synthesis (Fig. 3) . The association of other translational components like ribosomal subunits or initiation factors (20, 21) with the cytoskeleton might instead be transient and required in order to increase the local concentration of translation factors.
Further evidence for a close spatial organization of translational components with mRNAs comes from ultrastructural studies in oligodendrocytes. Here, large RNP granules not only contain mRNAs, including MBP mRNA and ␤-actin mRNA, but also ribosomes, aminoacyl-tRNA synthetase, and EF1␣ (60, 68) . These granules presumably also represent supramolecular translational complexes. Such granules apparently are actively transported in oligodendrocytes from the cell body to cell processes, suggesting that in order to increase the efficiency of localized protein synthesis, not only mRNA localization but also localization of the synthesis apparatus could be instrumental.
CONCLUSIONS AND PROSPECTS
Association of messenger RNA with the cytoskeletal framework is a crucial part of its metabolism. The cytoskeleton serves as solid-state interphase to position mRNAs and other components of the protein synthesis apparatus. Thus, it is ensured that a critical mass of translation factors and RNA comes in close enough contact with each other to allow an efficient translation. Certain cytoskeletal microdomains-for example, vertices generated by intersecting actin Figure 3 . Increase in translation efficiency by sequestering mRNA and translation factors (here, elongation factor EF1␣ and aminoacyl-tRNA synthetase) to microfilament vertices. RNA is associated with the vertex via RNA binding and/or microfilament-associated proteins ('mRNA anchor'). Translation factors could independently associate with filament intersections. Changes in the microenvironment would release factors like EF1␣ from the filament and increase their local concentration, allowing them to assemble to a fully functional translation machinery.
filaments or loosely bundled microtubules-appear to be the sites of such higher order translation structures.
In addition, microtubules and microfilaments serve as a railway system to transport certain mRNAs to distinct compartments in the cell where they promote localized protein synthesis. During transport, the RNA is probably packed into particles or granules and is in a translationally repressed state so as to avoid inappropriate protein synthesis. In some cases, such granules contain not only RNA and specific RNA binding proteins, but also components of the translational machinery that might have to be delivered to the same sites as the translocated RNA.
A number of proteins bind either to specific mRNAs or to poly(A) RNA. An increasing fraction of these proteins also binds to cytoskeletal filaments. However, so far there is insufficient evidence that a single protein can serve as the connection between microtubules or microfilaments and mRNA. Instead, the observation that some RNA binding proteins like Staufen or Vg1 RBP and its chicken ortholog ZBP-1 can attach certain RNAs to microtubules and others to actin-interacting proteins suggests that such RNA binding proteins provide flexible connectors that can associate both with microtubule-or microfilament-bound factors. How the specificity of the RNA binding protein is regulated in the presence of both microtubules and microfilaments remains elusive and requires more future work.
An important question for future research will be the problem of when and how mRNAs associate with the cytoskeleton once they have been exported from the nucleus. Additional analysis of proteins such as the hnRNP proteins hrp36 and hnRNP A2, as well as mrnp41, could provide important clues. These proteins are involved in nuclear export and most likely in cytoskeletal attachment or transport of mRNA. It would not be surprising if proteins that accompany mRNAs during nuclear export are also important for their targeting and attachment. Indeed, further evidence for such a double function comes from studies of the viral HIV-1 Rev protein (107) . Rev is required not only for export of a class of incompletely spliced viral RNAs like gag mRNA, but also for their colocalization with cytoplasmic microfilaments, strongly suggesting a role for Rev in cytoskeletal attachment.
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